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The role of apoptosis in cardiac morphogenesis has not been directly tested. Cardiomyocyte apoptosis is prevalent during
the remodeling of the embryonic chicken cardiac outflow tract (OFT) in the transition from a single to a dual circulation.
We tested the hypothesis that OFT cardiomyocyte apoptosis drives the shortening and rotation of the embryonic cardiac
OFT and is required to achieve the mature ventriculo-arterial configuration. Chick embryos were treated with the peptide
Caspase inhibitors zVAD-fmk or DEVD-cho at HH stages 15–20 (looped heart). Morphology of control and experimental
embryos was assessed at HH stage 35, at which time the control hearts have developed a dual circulation. Infection of the
hearts with a recombinant adenovirus expressing green fluorescent protein was used to follow the fate of the OFT
cardiomyocytes. Affected embryos displayed abnormal persistence of a long infundibulum (OFT myocardial remnant)
beneath the great vessels, indicating failure of OFT shortening. In some instances, the infundibulum connected both great
vessels to the right ventricle in a side-by-side arrangement with transposition of the aorta, indicating a failure of rotation
of the OFT, and modeling human congenital double outlet right ventricle. Defects were also observed at other sites in the
heart where apoptosis is prevalent, such as in the formation of the cardiac valves and trabeculae. To more specifically target
the apoptosis of the OFT cardiomyocytes, recombinant adenovirus was used to express the X-linked inhibitor of apoptosis
protein in these cells. This resulted in an effect on outflow tract shortening and rotation similar to that of the peptide
inhibitors, while the effects on the other cardiac structures were not observed. These results demonstrate that elimination
of OFT cardiomyocytes by apoptosis is necessary for the proper formation of the ventriculo-arterial connections, and suggest
apoptosis as a potential target of teratogens and genetic defects that are associated with congenital human conal heart
defects. © 2001 Academic Press
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Early in vertebrate development the heart is partitioned
into atrial, ventricular, and outflow tract (OFT)2 compart-
ments (reviewed in Olson and Srivastava 1996; Fishman
and Chien 1997). Each compartment is subsequently spe-
cialized to function in the pulmonic (right-sided) or sys-
temic (left-sided) circulations of the four-chambered heart.
The OFT compartment is critical to the proper formation of
1 To whom correspondence should be addressed. Fax: 216-368-
0507. E-mail: saf9@po.cwru.edu.
2 Abbreviations used: OFT, outflow tract; CM, cardiomyocyte;
V, right ventricle; LV, left ventricle; PA, pulmonary artery; Ao,
orta; PV, pulmonic valve; AV, aortic valve; CMV, cytomegalovi-
us; XIAP, X-linked inhibitor of apoptosis; Ad, adenovirus; GFP,
reen fluorescent protein; zVAD-fmk, z-Val-Ala-Asp-CH2F; DEVD-CHO-CP, Asp-Glu-Val-Asp-CHO-cell permeable.
274the dual circulation, as it gives rise to the connection of the
right ventricle to the pulmonary artery and the left ven-
tricle to the aorta. Defects in the formation of the outflow
tract structures comprise a significant percentage of con-
genital human heart disease. These include the conotruncal
diseases, in which the connections of the great vessels to
the ventricles are abnormal, and defects in the formation of
the pulmonic and aortic valves causing congenital stenoses
or atresia (reviewed in (Liberthson, 1989).
Several aspects of the remodeling of the tubular OFT in
the transition to a dual circulation have been studied in
animal models. The division of the single OFT into pul-
monic and systemic vessels occurs by septation, a process
that is dependent on the invasion of the OFT by cells
originating in the neural crest (Kirby et al., 1983). Avian and
mammalian models of defects in NCC-mediated septation
of the OFT have been described that model the congenital
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275Apoptosis in the Embryonic Heartconotruncal human heart defect Persistent Truncus Arte-
riosus (PTA) (reviewed in Kirby, 1999). The valves of the
OFT arise from the cardiac cushions that form as localized
expansions of an extracellular matrix, known as the cardiac
jelly, near the future site of the ventriculo-arterial connec-
tions. Endothelial cells invade the cushions and under the
influence of an inductive signal from the adjacent myocar-
dium transform into a mesenchymal cell type (reviewed in
Eisenberg and Markwald 1995; Huang et al., 1995). These
structures are then sculpted to form the fine semilunar
(pulmonic and aortic) valves.
Another aspect of the remodeling of the tubular OFT is
its shortening and rotation. This has been revealed by
anatomic analyses of avian and mammalian hearts through
development (Kramer, 1942; Ya et al., 1998), tissue tagging
experiments in chick embryos (De La Cruz et al., 1977;
Thompson et al., 1987), and most recently by fate analyses
f adenoviral labeled OFT cardiomyocytes (Watanabe et al.,
998). The fate analyses indicated that the OFT cardiomy-
cytes form the myocardial infundibular connection of the
ight ventricle to the PA in a position anterior and to the
ight of the direct aorta-to-LV connection.
Several hypotheses have been proposed to explain this
spect of the remodeling of the embryonic OFT, including
he transdifferentiation of cardiomyocytes into smooth
uscle cells (Ya et al., 1998), differential rates of cardiomy-
cyte proliferation (Thompson et al., 1987), and apoptosis.
e previously demonstrated that coincident with OFT
hortening and rotation was the elimination of cardiomyo-
ytes by apoptosis, as revealed by the TUNEL assay, An-
exin V binding, and Caspase activity (Watanabe et al.,
998). Here, we use green fluorescent protein (GFP) to
ollow the fate of the OFT cardiomyocytes (CMs) in nor-
ally developing embryos or embryos treated with inhibi-
ors of apoptosis. Our results indicate that OFT CM apo-
tosis is necessary for the proper formation of the
entriculo-arterial connections. The targeted inhibition of
FT CM apoptosis perturbs the shortening and rotation of
he embryonic OFT and leads to defects in the ventriculo-
rterial connections that model congenital human conal
eart disease.
MATERIALS AND METHODS
Caspase inhibitors. The tripeptide, broad specificity, cell
permable irreversible Caspase inhibitor zVAD-fmk was obtained
from Calbiochem and dissolved in DMSO at a concentration of 80
mM. The reversible Caspase inhibitor DEVD-CHO-CP was ob-
tained from Calbiochem and dissolved in olive oil at a concentra-
tion of 12.5 mM. This peptide contains an N-terminal sequence
(residues 1–16) corresponding to the hydrophobic region of the
signal peptide of the Kaposi fibroblast growth factor and confers
cell permeability to the peptide. Inhibitors were aliquoted and
stored at 220°C.
Recombinant replication-defective adenovirus. A recombi-
nant adenovirus expressing the X-linked inhibitor of Apoptosis
Protein (XIAP) under the control of the CMV promoter/enhancer
Copyright © 2001 by Academic Press. All rightwas kindly provided by Dr. Joachim Lipp (University of Vienna).
This virus contains the entire coding region of the human XIAP
(1600 bp) fused to a c-myc epitope tag (Stehlik et al., 1998), and was
reviously shown to express XIAP protein by Western blotting. The
ontrol recombinant adenovirus expresses green fluorescent pro-
ein (GFP, kindly provided by Dr. Barry Byrne, University of
lorida) under the control of the CMV promoter/enhancer. Recom-
inant adenoviruses were amplified in 293 cells. Lysates were
repared by five cycles of freeze-thawing, pelleting of insoluble
ebris by centrifugation, and resuspension in a minimum volume
f DMEM. Lysates were titered by plaque assay in 293 cells and
sed at approximately 1012 pfu/ml.
Injection of chicken embryos. Fertile White Leghorn (Gallus
gallus) chicken eggs were obtained from Squire Valleevue Farm
(Cleveland, OH) and placed in dedicated humidified incubators
(GFQ Mfg.) at 38°C. After approximately 68–96 h of incubation
[Hamburger–Hamilton (HH) stages 15–20], a window is placed in
the wide end of the egg. Under stereoscopic visualization, the
vitelline membrane surrounding the beating heart is incised to
expose the surface of the heart. Then, 500 nl of concentrated
adenoviral stock (;5 3 108 pfu) or solutions containing inhibitors
of apoptosis are injected onto the surface of the heart. The eggs are
then covered with parafilm and incubated at 38°C for as much as an
additional 120 h (stage 36), during which the heart transforms from
a tube into a complex four-chambered organ. In previous experi-
ments in which recombinant adenovirus expressing a marker
protein was delivered into the pericardial space (Fisher and Wa-
tanabe 1996; Watanabe et al., 1998), the rate of successful delivery
to the myocardium was observed to be approximately 75–80%. In
the current study, an indicator of successful delivery of reagents to
the myocardium was not always present. Therefore, all experimen-
tal embryos that developed to the target stage were included in the
analyses.
Morphological and histological analyses. To determine the
effect of inhibitors of apoptosis on heart morphogenesis, embryos
were examined at stages 35–36, at which point the heart and its
attachments to the great vessels have assumed the mature configu-
ration. All hearts were examined by stereomicroscopy in situ
immediately after decapitation of the embryo. Hearts that ex-
pressed the GFP tag were immediately photographed by using a
Leica FLIII fluorescence stereomicroscope with a standard fluores-
cein filter and variable amounts of white light. Hearts were fixed in
10% neutral buffered formalin (4% formaldehyde), embedded in
paraffin, and sectioned at 7 mm in a frontal or sagittal plane. Serial
ections were collected on coated slides (Fisherbrand; Fisher Scien-
ific, Pittsburgh, PA) and stained with hematoxylin and eosin. In
ther experiments, embryos were harvested at stages 30–31, when
he incidence of apoptosis in the OFT peaks, and assayed for
poptosis by using the TUNEL (terminal deoxynucleotidyl
ransferase-mediated dUTP nick-end labeling) technique as previ-
usly described (Watanabe et al., 1998). Pictures of sections were
acquired with a Leica DMLB microscope and Spot RT digital
camera. All images were imported into Adobe Photoshop and
manipulated so as to optimize their appearance.
A determination of whether the hearts were grossly abnormal
was first made when examined within the embryo with the chest
opened, followed by an examination of the heart and great vessels
in whole mount once removed from the body. Embryos in which
AdCMVGFP was used to tag the OFT myocardium were observed
in whole mount under fluorescent light in order to determine its
position between the ventricles and the great vessels. The two
major criteria that had to be met in order to determine that the
s of reproduction in any form reserved.
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276 Watanabe, Jafri, and Fisherinhibitors of apoptosis had an effect on OFT shortening and
rotation were: (1) increased length of the OFT (infundibular myo-
cardium) and (2) malrotation of the OFT, i.e., the malposition of the
Ao and PA relative to each other, to the infundibulum, and to the
ventricles. These criteria were first judged in whole mount. All
hearts were further analyzed in sections. Frontal sections were used
as this allowed us to measure the length of the myocardial
infundibulum and visualize the connections of the great vessels to
the ventricles. In the frontal sections, the length of the myocardial
infundibulum was estimated from the point of its juncture with the
ventricle to the semilunar valve. All experimental embryos were
compared to stage-matched controls. Qualitative assessments were
made of the morphologies of the valves, ventricular walls, and
trabeculae.
Transmission electron microscopy. Stage 30/31 embryonic
heart tissue was fixed and processed for standard transmission
FIG. 1. AdCMVGFP tag reveals the shortening and rotation of th
stage-15 to -17 chicken embryos. Hearts were photographed at sub
FITC filter under low ambient white light. In the stage-23 single c
tubular structure that connects the forming ventricles to the ao
transition from myocardium to the smooth muscle of the aortic
infundibular connection of the right ventricle to the pulmonary ar
of the aorta to the left ventricle, which anatomically lacks a my
ventricle; LV, left ventricle; Ao, aorta; PA, pulmonary artery. Bar,
FIG. 2. Apoptotic cells in the OFT are cardiomyocytes. Apoptotic
myocardium of stage-30 to -31 chicken embryos observed by stand
cells (a) with disorganized myofilament bundles and vacuoles we
rounded and separated from neighboring cardiomyocytes. Adjacent
bodies that were intensely stained and filled with vesicles and granu
myofilaments. Bar, 1.5 mm.
Copyright © 2001 by Academic Press. All rightelectron microscopy. Briefly, the tissues were fixed in a solution of
2% gluteraldehyde in 0.1 M cacodylate buffer, pH 7.4, postfixed
with 2% osmium tetroxide, en bloc stained with uranyl acetate,
dehydrated through a graded series of ethanol and propylene oxide,
and embedded in Polybed 812 (Polysciences, Warrington, PA).
Ultrathin sections of the relevant outflow tract regions were
observed after staining with uranyl acetate and lead citrate on a
JEOL 100CX transmission electron microscope.
RESULTS
OFT Cardiomyocyte Fate Analysis Using a GFP Tag
We have developed a recombinant replication-defective
adenoviral gene delivery system that targets transgene
diac OFT. AdCMV GFP was injected into the pericardial space of
nt stages with a Leica FLIII fluorescence stereomicroscope with a
lation heart, the AdCMVGFP-positive cardiomyocytes comprise a
sac. The distal edge of the GFP-positive cells approximates the
At stage 35, the GFP-positive cardiomyocytes form the anterior
Few GFP-positive cells are interposed in the posterior connection
ial infundibulum. OFT, outflow tract; vent, ventricle; RV, right
m in (A), 0.5 mm in (B). n . 5 for each stage.
at various stages of degeneration were present in the proximal OFT
ransmission electron microscopy. (A, B) Darkly stained apoptotic
served among healthy cardiomyocytes. The apoptotic cells were
hy appearing cardiomyocytes had striated myofibrils. (C) Apoptotic
ppeared to be in the late stages of degeneration and did not containe car
seque
ircu
rtic
sac.
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278 Watanabe, Jafri, and Fisherexpression to the heart of the chicken embryo (Fisher and
Watanabe, 1996). Adenovirus in which the CMV promoter/
enhancer drives transgene expression restricts expression to
the OFT cardiomyocytes (CMs) in this system (Fig. 1, and
Watanabe et al., 1998). This experimental system thus
provides a means to specifically study the OFT cardiomyo-
cytes as the embryonic heart develops from a simple tube
into a complex four-chambered organ. In the present study,
we used green fluorescent protein (GFP) expressed from
AdCMVGFP to follow the fate of the OFT CMs. The
presence of GFP within the heart is visualized through the
windowed eggshell of live embryos, providing a unique tool
for the serial study of the fate of the OFT cardiomyocytes
within an embryo during the remodeling of the OFT struc-
tures.
The OFT cardiomyocytes of the single circulation heart
(stages 15–25), visualized with the GFP tag, constitute a
tubular structure connecting the forming ventricles with
the aortic sac (Fig. 1A). This configuration matches that
demonstrated by the identification of cardiomyocytes with
an anti-myosin antibody (van den Hoff et al., 1999), as well
as our previous study that deployed adenoviral-expressed
b-galactosidase to tag the OFT cardiomyocytes (Watanabe
et al., 1998). In the transition from the single to the dual
cardiac circulation (stages 25–35, ED5–9), a dramatic reor-
ganization of the OFT was evident. The OFT myocardium
shortened and rotated, so that it now became an anterior,
wedge-shaped tissue, connecting the right ventricle (RV) to
the pulmonary artery (PA) in a structure referred to as the
subpulmonic infundibulum (or conus) (Fig. 1B). The origin
of the aorta is posterior and to the left of the PA. GFP-
labeled OFT CMs were not evident interposed between the
left ventricle and the aorta.
Cardiomyocyte Apoptosis during OFT Remodeling
We previously demonstrated a high incidence of apopto-
tic cells in the OFT myocardium coincident with the OFT
shortening and rotation that occurs from stages 25–35
(Watanabe et al., 1998). In this study, we used transmission
lectron microscopy to determine the identity of the dying
ells in the OFT during normal development. This was
ecessary in order to interpret the results of the subsequent
xperiments that utilize inhibitors of apoptosis. OFT tis-
ues were examined when the incidence of apoptosis is at
aximum, stages 30–31 (Watanabe et al., 1998). Apoptotic
ells at various stages of degeneration were present in the
roximal OFT myocardium of the stage-30 to -31 chick
mbryo (Fig. 2). Electron dense cells with disorganized
yofilament bundles and clear vacuoles were observed
mong healthy cardiomyocytes (Figs. 2A and 2B). These
poptotic cells were rounded and in the process of losing the
ell–cell contacts that connected surrounding healthy car-
iomyocytes to each other. Apoptotic bodies that were
ntensely stained and filled with vesicles and granules
ppeared to be in the late stages of degeneration and did not
ontain myofilaments (Fig. 2C). Myofibrils were present in
Copyright © 2001 by Academic Press. All rightormal-appearing cardiomyocytes adjacent to the apoptotic
odies. Cells were not identified in the OFT myocardium
hat were in the early stages of apoptosis but lacked
yofibrils. This analysis by electron microscopy coupled
ith our previous observations using Annexin V and myo-
in costaining (Watanabe et al., 1998) demonstrate that it is
predominately cardiomyocytes that undergo apoptosis in
the OFT myocardium. Others have shown that retroviral
tagged cells originating in the neural crest also may undergo
apoptosis (Poelman et al., 1998). In addition, the neural
rest-derived cells efficiently express proteins from the
MV promoter in transgenic mice (Ewart et al., 1997).
hus, it is possible that a small population of the cells that
ndergo apoptosis and are targeted by AdCMV in this chick
odel are derived from the neural crest (see Discussion).
Effects of Peptide Inhibitors of Apoptosis on OFT
Remodeling
Chicken embryos were treated with inhibitors of apopto-
sis to specifically test the role of apoptosis in the remodel-
ing of the OFT. Two strategies were employed, both target-
ing the Caspase enzymes that execute the program of cell
death (reviewed in Cohen 1997). In the first, peptide inhibi-
tors of the Caspase enzymes were injected into the pericar-
dial space of the embryonic heart. In the second, recombi-
nant adenovirus was used to target expression of the
X-linked inhibitor of apoptosis protein (XIAP) to the OFT
cardiomyocytes. The peptide inhibitors diffused throughout
the tissues of the heart (not shown), and thus had the
potential to effect the morphogenesis of more cardiac struc-
tures than did adenoviral delivery of XIAP, expression of
which is targeted to the OFT cardiomyocytes in this trans-
gene delivery system.
We previously demonstrated that the incidence of apo-
ptosis in the OFT correlates with the enzymatic activity of
OFT homogenates against the Caspase substrate DEVD-
AFC (Watanabe et al., 1998). Inhibitors of the Caspase
family of enzymes have been developed that contain the
peptide substrate recognition motif attached to a nonhydro-
lyzable ketone or aldehyde moiety. Here, we tested two
such Caspase inhibitors for their effects on OFT remodel-
ing. The peptide zVAD-fmk is a cell-permeable, irreversible
inhibitor with broad specificity against the Caspase en-
zymes. The peptide DEVD-CHO-CP is a cell-permeable,
reversible inhibitor with specificity for the Caspase-3 type
(group II) enzymes (Garcia-Calvo et al., 1998). Each of these
peptides has been shown to inhibit apoptosis in developing
chick and mouse tissues (Milligan et al., 1995; Jacobson et
al., 1996) and in cardiomyocytes (Bialik et al., 1999) at doses
similar to those used here.
Dose-response studies demonstrated that the broad speci-
ficity Caspase inhibitor zVAD-fmk affected heart morpho-
genesis when 5–40 nmol was delivered in DMSO to the
pericardial space (12 of 18 abnormal). The number of
abnormal embryos and the number examined at each dose
were: 5 nmol 3/5, 20 nmol 4/6, 40 nmol 5/7. Lower doses
s of reproduction in any form reserved.
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279Apoptosis in the Embryonic Hearthad no effect (0/11 abnormal with vehicle alone or 0.5 nmol
inhibitor), while 50 nmol was lethal in three of four
embryos. The group II-specific Caspase inhibitor DEVD-
CHO-CP delivered in olive oil affected heart morphogenesis
in doses from 1 to 100 nmol (5/16 abnormal vs. 0/8
abnormal with olive oil alone). The number of abnormal
embryos and the number examined at each dose were: 1
nmol 1/4, 5 nmol 1/4, 20 nmol 2/4, 100 nmol 2/4. Treat-
ment with olive oil (vehicle) alone had no effect (0/8).
Defects in the remodeling of the myocardial component
of the OFT. Abnormalities in the OFT of the heart were
prevalent in zVAD-fmk-treated embryos (12 of 18). During
normal development, the OFT mycoardium shortens and
incorporates into the RV to form the wedge-shaped myo-
cardial infundibulum (reviewed above). In the control
hearts, the superior aspect of the infundibulum is delimited
by the pulmonic (semilunar) valve, visible by the pooling of
blood in whole mount (Fig. 3A), the GFP tag in whole
mount in embryos injected with AdCMVGFP (Fig. 3C), and
by the insertion of the pulmonic valve into the myocardium
in sections (Fig. 4A). In 12/12 abnormal zVAD-fmk-treated
hearts, the myocardial infundibular connection of the ven-
tricle(s) to the great vessels deviated from normal. All of
these hearts exhibited excessive myocardial tissue that
extended above the base of the ventricle. This is evident in
a heart in whole mount (Fig. 1B) in which the thick OFT
myocardial tissue can be seen coursing anteriorly and to the
right, wrapping around the base of the aorta. In a second
embryo treated with zVAD-fmk in which the OFT myocar-
dium is tagged with GFP, the GFP-positive myocardium
extends well above the base of the ventricles (Fig. 3D). This
contrasts with the stage-matched control hearts (Figs. 3A
and 3C) in which the myocardial infundibulum (OFT) is
incorporated into the base of the RV. In frontal sections, the
myocardial infundibulum (RVOT), defined superiorly by
the junction with the semilunar valves and inferiorly by the
junction with the trabeculated ventricle, is both longer than
the controls and markedly thickened (Fig. 4C compared to
4A). In control embryos prior to OFT shortening, i.e., stage
23, the GFP-tagged OFT measures 1–2 mm, depending on
the timing of injection, and is a short wedge of myocardium
measuring less than or equal to 0.3 mm in the stage-35
heart, after OFT shortening has occurred (Figs. 1, 3C, and
4A, and Watanabe et al., 1998). In the affected zVAD-fmk
earts, the RVOT measures 0.5–1.0 mm in GFP-tagged
earts in whole mount or in cross-section (Figs. 3B, 3D, and
C). Thus, the broad specificity Caspase inhibitor zVAD-
mk appeared to inhibit the normal stage-dependent short-
ning of the cardiac OFT.
In addition to a failure in the shortening of the OFT, the
osition of the infundibulum and great vessels was abnor-
al in 9/12 of the zVAD-fmk-affected embryos. In whole
ount, the GFP-tagged OFT myocardium is evident be-
eath both the Ao and PA of an experimental heart (Fig.
D), instead of entirely committed to the PA as in the
ontrol hearts (Fig. 3C). In whole mount and in cross-
ection (Figs. 4C and 4D), the Ao and PA can be seen C
Copyright © 2001 by Academic Press. All rightide-by-side with both great vessels originating from the
V, i.e., DORV. This morphology contrasts with the nor-
al anatomic relationship, in which the Ao originates from
he LV to the left and posterior to the PA and spirals about
he PA to assume its position to the right of the PA (Figs.
C, 4A, and 4B). Of the 9/12 embryos that had the DORV
onfiguration, in 6/9 the Ao was completely transposed,
.e., to the right and side-by-side the PA, while in the
emaining 3 the Ao was intermediate between a completely
ransposed and its normal posterior position. Thus, treat-
ent of stage-15 to -20 chick embryos with the broad
pecificity Caspase inhibitor zVAD-fmk results in defects
n both the shortening and rotation of the myocardial
omponent of the OFT, in some instances leading to DORV
ith transposition of the aorta.
To confirm the results obtained with zVAD-fmk, a sec-
nd peptide Caspase inhibitor was studied. The group-II
etra-peptide Caspase inhibitor DEVD-CHO-CP has a dis-
inct modification from that of zVAD-fmk (aldehyde vs.
etone) and was delivered with a different vehicle (olive oil
s. DMSO). Treatment with DEVD-CHO-CP also produced
efects in the OFT structures in 5/16 embryos. All five of
hese hearts had hypercellular OFTs with excess myocar-
ial and mesenchymal tissue in the OFT. The filling of the
FT with mesenchyme made it difficult to determine the
ctual length of the infundibulum. Four of the five abnor-
al embryos also had DORV (Figs. 4E and 4F) with the Ao
n an intermediate position between completely transposed
nd its usual posterior and leftward origin. The lower
requency of defects in the DEVD-CHO-CP could reflect
he use of different solvents for the two agents, differing cell
ermeability of the agents, or their ability to inhibit various
aspases. The heart defects observed with DEVD-CHO-CP
ere not seen with vehicle alone, and the incidence of 31%
s considerably higher than the spontaneous rate of heart
efects that we and others have observed in chick embryos
,1%)
Effects of peptide Caspase inhibitors on other cardiac
tructures. The diffusible nature of the peptide Caspase
nhibitors may have enabled them to affect the morpho-
enesis of many cardiac structures. Both zVAD-fmk and
EVD-CHO-CP had significant effects on the formation
f the valves of the heart. The aortic and pulmonic valves
ere large and globular and connected by a mesenchymal
ridge in 4/5 abnormal DEVD-CHO-CP hearts and 4/12
VAD-fmk hearts (Figs. 4C– 4F), in contrast to the finely
culpted leaflets of normal valves (Figs. 4A and 4B). The
ositions of the valves were also abnormal in that they
ere at the same horizontal position and had the same
rientation within the heart, again consistent with an
nhibition of the shortening and rotation of the OFT. The
V is normally located inferior to that of the PV, and
ngled to the right, while the PV is normally tilted
lightly to the left (Figs. 4A and 4B). Also notable was the
ersistence of the embryonic mesenchyme in the OFT of
he experimental hearts, in particular the DEVD-CHO-
P-treated embryos (4/5), with protrusions of myocardial
s of reproduction in any form reserved.
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280 Watanabe, Jafri, and Fishercells into the mesenchyme (Figs. 4E and 4F). DEVD-
CHO-CP also resulted in ventricles that were abnormally
filled with trabeculae (4/5) (not observed with zVAD-
fmk) (Figd. 4E and 4F), while the ventricular wall thick-
FIG. 3. Caspase peptide inhibitors inhibit the shortening and rotat
(A, C) and zVAD-fmk-treated (B, D) groups are shown. Hearts were
tag; C, D) to best reveal the position of the OFT and the ventriculo
infundibulum is evident by the pooling of blood above the pulmo
zVAD-fmk-treated embryo, the infundibulum is tortuous, extends
The position of the OFT myocardium is defined in control (C) and
heart, the GFP-tagged infundibulum is abnormal both in its length
to both the PA and Ao, which are side-by-side, indicating failure oness was not consistently abnormal.
Copyright © 2001 by Academic Press. All rightEffect of Forced Expression of the X-Linked Inhibitor
of Apoptosis Protein (XIAP) on OFT Remodeling
To separate the effects of Caspase inhibitors on the OFT
f the cardiac OFT. Two stage-35 hearts each from control (vehicle)
ined under reflected (A, B) and fluorescent light (those with a GFP
ial connections. In reflected light, the junction of the PA with the
alve, indicated by the horizontal white line labeled OFT. In the
e the base of the ventricle, and incorporates the origin of the Ao.
D-fmk (D)-treated hearts with the GFP label. In the experimental
position, extending above the base of the ventricle and giving rise
h shortening and rotation. Bar, 0.5 mm for (A–D).ion o
exam
-arter
nic v
abov
zVA
andcardiomyocytes from that on other cardiac cell types and
s of reproduction in any form reserved.
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281Apoptosis in the Embryonic Heartstructures, recombinant replication-defective adenovirus
was used to target an inhibitor of apoptosis protein to these
cells. A recombinant adenovirus was deployed that ex-
presses the XIAP, the most potent Caspase inhibitor in the
IAP family (reviewed in Deveraux and Reed, 1999), with Ki
for Caspases-3 and -7 of 0.7 and 0.2 nM, respectively. Here,
we used a previously characterized adenovirus (Stehlik et
FIG. 4. Histology of hearts treated with peptide Caspase inhibito
and DEVD-CHO-CP (E, F)-treated hearts. Frontal sections are shown
One anterior and one posterior section are shown for each heart to
showing the myocardial (infundibular) connection of the PA to the
connection of the Ao to the LV posteriorly and coursing to the rig
extending above the base of the ventricle and connecting to the o
hypertrophied. The semilunar valves are globular and in continu
vessel, the AO, can be seen connecting to the RV. The AVs and PV
more globular then normal. (E, F) A DEVD-CHO-CP-treated heart s
and mesenchymal tissue. The Ao also connects to the RV, and bo
increase in the trabeculae that fill the ventricles. Clotted blood fill
ventricular outflow tract; PV, pulmonic valve; AV, aortic valve. Bal., 1998), in which the CMV promoter/enhancer drives a
Copyright © 2001 by Academic Press. All rightxpression of XIAP, to target the OFT cardiomyocytes. An
denovirus with the same promoter-driving expression of
FP served as the control.
The forced expression of XIAP resulted in abnormalities
f the OFT that were similar to, but more restricted than,
he effects of the peptide Caspase inhibitors. Nine of fifteen
mbryos treated with 5 3 108 pfu of AdCMVXIAP had OFT
ctions are shown from stage-35 control (A, B), zVAD-fmk- (C, D),
est reveal the relationships of the great vessels with the ventricles.
al the origin of the PA and Ao, respectively. (A, B) A control heart
abeled RVOT) anteriorly and coursing to the left (A), and the direct
). (C) A zVAD-fmk-treated heart showing a long and thick RVOT
s for both the PA and Ao (C). The RV-free wall is also markedly
ia a persistent mesenchyme. (D) More posteriorly, the rightward
evident in the same plane and at the same vertical level, and are
ing a markedly hypercellular OFT comprised of both myocardium
and PV are globular and poorly developed. There is also marked
vessel lumens. RVOT, right ventricular outflow tract; LVOT, left
4 mm (A–F).rs. Se
to b
reve
RV (l
ht (B
rifice
ity v
s are
how
th AV
s thebnormalities vs. none of the eight control embryos treated
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282 Watanabe, Jafri, and Fisherwith ADCMVGFP. All of the abnormal hearts exhibited
excessive OFT myocardial tissue extending up to 1 mm
above the base of the ventricles (Figs. 5 and 6). In three of
the nine abnormal hearts, a long infundibulum connected
the RV to both great vessels, i.e., DORV (Figs. 5A, 5B, 5D,
6A, and 6B). The Ao in these embryos was displaced
anteriorly and to the right of the PA (transposed), and the
great vessels ascended side-by-side (Figs. 5A, 5B, 6A–6C). In
contrast to the result with the peptide Caspase inhibitors,
the abnormally persistent OFT myocardium, identified
with a GFP tag, did not encircle the origin of the aorta in the
hearts with DORV (Fig. 5D). In the remaining hearts, excess
myocardial tissue was evident above the base of the ven-
tricle, and in the sulcus between the Ao and PA, but the
position of the Ao in relation to the PA and ventricles
appeared normal (Figs. 5C, and 6D–6F). A VSD was present
in the embryos with DORV (Fig. 6C), in which an extra
chamber appeared to connect the RV anteriorly with the LV
posteriorly.
The targeted delivery of the XIAP to the OFT cardiomy-
ocytes produced more restricted morphological abnormali-
ties than did the peptide Caspase inhibitors. The pulmonic
and aortic valves appeared appropriately thinned in the
AdCMVXIAP hearts. As with the peptide inhibitors with
DORV, the valves were located at the same horizontal level
and in fibrous continuity (Fig. 6B). In all three of the hearts
with DORV, the semilunar valves appeared even more
thinned than the controls (Fig. 6B), though whether this is
due to an effect of XIAP on the adjacent OFT myocardium,
or secondary to hemodynamic effects caused by the DORV,
cannot be determined by these experiments. The persis-
tence of the mesenchyme and increased trabeculation ob-
served with the peptide inhibitors was not present when
XIAP was targeted to the OFT cardiomyocytes.
Effect of a Caspase Inhibitor on Apoptosis
To examine the effect of Caspase inhibition on apoptosis
in the OFT, embryos treated with zVAD-fmk were exam-
ined with the TUNEL assay. Embryos were treated with 20
nmol of zVAD-fmk, a dose that produced effects on OFT
morphology, or vehicle alone. Hearts were harvested for the
TUNEL assay at stage 31, at which point apoptosis in the
OFT is maximal. In control hearts (n 5 3, Fig. 7A, and
Watanabe et al., 1998), a high incidence of TUNEL-positive
cells is evident in the OFT myocardium and adjacent
mesenchyme. Viewing the sections under fluorescence mi-
croscopy with an FITC filter identifies the cup-like OFT
myocardium (arrows) and ventricle by its greater density
than surrounding tissues. In zVAD-fmk-treated embryos
(n 5 4), there were few or no TUNEL-positive cells in the
OFT myocardium (arrows), which has a more extended
configuration. There were also few or no TUNEL-positive
cells in the adjacent mesenchyme, which appears to fill
more of the lumen, consistent with the sections of later-
stage embryos (Fig. 4). The incidence of TUNEL-positive
cells in the body wall was not different between control and L
Copyright © 2001 by Academic Press. All rightVAD-fmk embryos (not shown) and thus served as an
nternal positive control for the assay.
DISCUSSION
We previously demonstrated a high incidence of apopto-
sis in the embryonic chick cardiac OFT myocardium coin-
cident with OFT remodeling in the transition to a dual
circulation. Apoptosis may have a number of functions in
development, including reducing cell numbers, eliminating
abnormal or misplaced cells, sculpting tissues, eliminating
vestigial structures, and as part of the differentiation of a
cell population (reviewed in Jacobson et al., 1997). In the
current study, we deployed a GFP tag on the OFT myocar-
dium, in combination with targeted inhibition of apoptosis,
to demonstrate that the role of apoptosis in this develop-
mental context may be to eliminate a vestigial structure
and sculpt the OFT so as to establish the proper connec-
tions of the ventricles to the great vessels.
Apoptosis in the Remodeling of the Embryonic
Outflow Tract
Anatomic, tissue tagging, and cell fate analyses have all
found evidence for shortening and rotation of the embry-
onic outflow tract in the transition of the higher vertebrate
embryonic heart to a dual circulation (Kramer, 1942; De La
Cruz et al., 1977; Thompson et al., 1987; Ya et al., 1998;
atanabe et al., 1998). However, the cellular mechanism
y which this occurs had not been tested experimentally.
e observed a close correlation between the incidence of
poptosis in the OFT CMs and OFT shortening and rotation
sing cell fate analyses, suggesting that the former may be
riving the latter. Specifically interfering with apoptosis
sing inhibitors of the Caspase cascade that executes pro-
rammed cell death resulted in defects in both the shorten-
ng and the rotation of the OFT. These results demonstrate
causal connection between OFT CM apoptosis and OFT
hortening and rotation.
The shortening of the OFT is a logical consequence of the
limination of a significant portion of the OFT cardiomyo-
yte population by apoptosis, a process that is repressed by
nhibitors of apoptosis. We do not currently have a method
or determining the cumulative incidence of apoptosis over
his period of OFT remodeling, nor the number of OFT
ardiomyocytes remaining after remodeling is completed.
e have found that at the peak (stage 30–31) as many as
0% of cells in the OFT myocardium undergo apoptosis
Watanabe et al., 1998). Abnormal persistence of GFP-
ositive OFT cardiomyocytes extending well above the base
f the ventricle and connecting the RV to the aorta in-
ersely reflects the extent of inhibition of apoptosis. How
nhibitors of apoptosis may perturb the rotation of the great
essels is suggested by our recent observations of the spatial
istribution of apoptosis in the OFT. Using the vital dye
yso Tracker Red to visualize apoptosis in intact embryos,
s of reproduction in any form reserved.
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below the aorta at stage 30–31 (van der Wee et al., unpub-
lished observations). The anterior position of the aorta in
embryos treated with inhibitors of apoptosis suggests that
the apoptosis at this site functions to remove the myocar-
dial infundibular connection to the aorta. As a conse-
quence, this rotates the aorta posteriorly into its position to
directly connect with the LV.
All three Caspase inhibitors used in this study, zVAD-
fmk, DEVD-CHO-CP, and XIAP, produced a similar spec-
trum of OFT shortening/rotation defects. In no instance did
the inhibitors of apoptosis appear to completely arrest
developmental OFT remodeling. That is, the morphology of
the experimental embryos at stage 36 was not identical to
the morphology at stage 25, prior to the onset of OFT
shortening and rotation. This may be due to an inability to
completely inhibit the apoptosis with this method, or
suggests that other mechanisms may also be operative in
OFT remodeling. The additional processes that may con-
tribute to this aspect of OFT remodeling include the expan-
sion of the great vessels, transdifferentiation of the OFT
cardiomyocytes into smooth muscle cells (Ya et al., 1998),
change in CM shape and orientation (data not shown), or
torsional forces on the heart from differential rates of cell
proliferation (Thompson et al., 1990). Nonetheless, we have
demonstrated that, in the developing embryonic chicken,
the transition from the more primitive single circulation to
the advanced dual circulation requires the elimination a
portion of the OFT myocardium by apoptosis. In this way,
the great vessels are brought into proper alignment with
their respective ventricles, and the remaining OFT myocar-
dium is committed to the right-sided circulation.
The morphologies of the valves and trabeculae in em-
bryos treated with peptide inhibitors of apoptosis suggest
that apoptosis may also play an important role in the
sculpting of the cushions and the resorption of the ventric-
ular trabeculae. Apoptosis has been observed at these sites
in both birds and mammals (Pexieder, 1975; Watanabe et
al., 1998; Abdelwahid et al., 1999; Zhao and Rivkees, 2000),
but there has been limited investigation of its significance.
Studies by Pexieder showed an increase in cell death in the
embryonic chick bulbar cushions after exposure to terato-
gens such as cyclophosphamide, dexamethasone, or hemo-
dynamic perturbations, associated with VSDs and align-
ment defects of the great vessels (Pexieder, 1975). Gene
inactivation mouse models have resulted in absence of the
ventricular trabeculae (neuregulin, ErbB) (Meyer and Birch-
meler, 1995; Erickson et al., 1997) or semilunar valves
NFATc) (Ranger et al., 1998), though how the balance of
ell proliferation, differentiation, and death were affected
as not determined.
Role of Inhibitor of Apoptosis Proteins in Heart
Development
The ability of peptide Caspase inhibitors and of XIAP to
perturb remodeling of the embryonic cardiac OFT raises the
Copyright © 2001 by Academic Press. All rightuestion as to the role of endogenous IAP family members
n regulating apoptosis during heart development. Members
f the IAP family of proteins are characterized by at least
ne Baculovirus Inhibitory Repeat (BIR) domain and are
resent throughout the animal phyla (Deveraux and Reed,
999). In both chicken (You et al., 1997) and mammalian
Wang et al., 1998) cell lines, upregulation of IAP expression
ia an NF-kB-dependent transcriptional mechanism pro-
tects the cells from stimuli that may otherwise elicit
programmed cell death. In addition, IAP proteins are tar-
geted for degradation by the ubiquitin pathway in cells that
are triggered to enter the apoptotic pathway (Yang et al.,
2000). A number of questions remain to be answered in this
regard: (1) Is the expression of IAP family members regu-
lated at the transcriptional or posttranscriptional level
during heart development? 2) Do subpopulations of cardio-
myocytes in the developing heart have an apoptosis-prone
or apoptosis-resistant phenotype resulting from the expres-
sion of pro- or anti-apoptotic proteins (reviewed in Fisher et
al., 2000)? (3) What are the triggers and pathways that lead
to a high prevalence of apoptosis selectively in the CMs of
the OFT compartment?
Inhibitors of Apoptosis Provide a Model of
Congenital Conal Heart Defects
An understanding of the development of the myocardial
infundibulum (also referred to as the conus; see Pexieder,
1995) for a discussion of the disparate terminology used to
describe the OFT structures) is pivotal to understanding
human congenital conotruncal (OFT) heart defects. The
conal defects anatomically span a spectrum of abnormali-
ties in the position, orientation, or amounts of myocardial
infundibulum that connects the right ventricle to the great
vessels (reviewed in Van Praagh et al., 1983). The conotrun-
cal defects account for approximately 20% of all congenital
human heart defects, and a significant percentage of these
appear to be primary conal defects based on anatomic
analyses (Van Praagh et al., 1983). Here, we have demon-
strated that interfering with the normal stage-dependent
apoptosis-mediated resorption of the chick OFT myocar-
dium causes defects in the formation of the ventriculo-
arterial connections (see Fig. 8 for a model). The most
severely affected hearts display morphologies that model
congenital human DORV with transposition of the great
vessels. These features include the connection of both great
vessels to the RV via a myocardial infundibulum with the
valves at the same level, the side-by-side positions of the
great vessels, their parallel courses, and, in some instances,
a VSD. Whether perturbations of apoptosis may be part of a
complex of defects that lead to other conal dysmorpholo-
gies, such as infundibular stenosis and malrotation of the
aorta characteristic of Tetralogy of Fallot, or the complete
transposition of the great arteries, is not known. Other
studies have demonstrated that exposure of the embryonic
chick heart to teratogens that affect apoptosis, such as
glucocorticoids and cyclophosphamide, cause infundibular
s of reproduction in any form reserved.
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284 Watanabe, Jafri, and Fisherdefects manifested by overriding aorta, transposition of the
great vessels, and VSD (Pexieder, 1975). However, the
mechanism of action of these agents is likely to be complex
as they affect a number of aspects of cell behavior in a
FIG. 5. Adenoviral-mediated targeted expression of XIAP affec
dCMVXIAP are shown illuminated with (A) reflected white light
uorescence illumination and low white light to reveal the position
eart showing the PA and Ao in a side-by-side (transposed) DORV a
evel. (B) Another AdCMVXIAP-treated heart viewed with transillu
ase of the ventricles and connecting to both the AO and PA.
ccumulation of OFT myocardial tissue above the base of the ventr
ag shows the excess OFT myocardial tissue extending above the ba
f the radial realignment of the OFT cardiomyocytes. Compare tonumber of tissues. Importantly, in those studies as well as h
Copyright © 2001 by Academic Press. All righthe current study, neural crest cell-dependent truncal sep-
ation defects, i.e., Persistent Truncus Arteriosus (PTA),
ere not observed. This observation, together with the
nding that cardiac neural crest ablated chick embryos
FT shortening and rotation. Three stage-35 hearts exposed to
B, C) transmitted white light. In (D), the heart in (A) is shown with
he GFP expressing OFT myocardium. (A) An AdCMVXIAP-treated
ement. The aortic and pulmonic valves are at the same horizontal
tion reveals the abnormal persistence of the OFT tissues above the
A third AdCMVXIAP-treated heart with a milder defect shows
nd filling the sulcus between the Ao and PA. (D) The AdCMVGFP
the ventricle connecting to the PA. There also appears to be failure
MVGFP controls. Bar, 0.5 mm for (A–C); (D) is not to scale.ts O
and (
of t
rrang
mina
(C)
icle a
se ofave normal levels of apoptosis in the OFT myocardium
s of reproduction in any form reserved.
285Apoptosis in the Embryonic HeartFIG. 6. Histology of AdCMVXIAP hearts. Sections from anterior to posterior of two ADCMVXIAP hearts are shown (compare to control
hearts in Fig. 4). Each ADCMVXIAP heart has an abnormally lengthened RVOT connecting to the great vessels (A, B). XIAP2 is viewed
under fluorescence light to identify the myocardial tissue (white line) by its greater fluorescence. XIAP1 shows a DORV configuration (B)
with the semilunar valves (AV, PV) at the same horizontal level and in continuity. The semilunar valves appear hypoplastic in this heart
in marked contrast to the effect of the peptide Caspase inhibitors. (C) An extra chamber is present that connects the RV anteriorly to the
LV posteriorly and is thus labeled a VSD. (D) In XIAP2, the long anterior myocardial infundibular stalk is evident when viewed under
fluorescence, and can be seen in relation to the pulmonic valve (E). The aorta is in its normal posterior position connecting to the LV (F).
Bar, 0.4 mm except in (D), where bars 5 1 mm.
FIG. 7. A peptide Caspase inhibitor reduces the incidence of TUNEL-positive cells in the OFT. Embryos were treated with 20 nmol of the
broad-specificity peptide Caspase inhibitor zVAD-fmk or vehicle at stage 15–20. Embryos were harvested at stage 30–31, when the
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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286 Watanabe, Jafri, and Fisher(Rothenberg et al., submitted for publication) indicates that
wo major OFT remodeling processes, septation versus
hortening and rotation, may occur independently of each
ther.
Defects in the development of the ventriculo-arterial
onnections have also been reported in mouse models in
hich single genes have been inactivated. In some of the
ouse gene knock-outs, the effect on the OFT may be
xplained by failure of neural crest cell-dependent processes
uch as OFT septation causing Persistent Truncus Arterio-
us. These would include mice that are homozygous null
or the signaling molecule endothelin-1 (Kurihara et al.,
995; Clouthier et al., 1998) and for the transcription
factors retinoic acid receptors (Mendelsohn et al., 1994;
incidence of apoptosis in the OFT normally peaks, and the incidenc
fluorescence illumination and a FITC filter so as to be able to disti
brown. A high incidence of TUNEL-positive cells are evident in th
ew or no TUNEL-positive cells are evident in the OFT myocardium
ere evident in the body wall of these embryos and served as an int
FIG. 8. Diagram of embryonic OFT remodeling and effects of
inhibitors of apoptosis. (A) The stage-23 single circulation heart is
shown with the OFT myocardium denoted by horizontal lines and
the OFT endocardial cushions by thick black lines. (B) The short-
ening of the OFT myocardium, the rotation of the great vessels, and
the sculpting of the cushions to form the valves during normal
development. (C) The effect of soluble peptide Caspase inhibitors,
in which both OFT shortening and vessel rotation are perturbed. In
addition the sculpting of the endocardial cushions does not occur.
(D) The effect of targeted expression of XIAP in the OFT myocar-
dium, in which shortening and rotation are perturbed but the
sculpting of the cushions to form the valves has occurred.f TUNEL-positive cells was evident in a morphologically abnormal O
Copyright © 2001 by Academic Press. All rightruber et al., 1996), Pax3 homeobox protein (Conway et al.,
997; Epstein 2000), and the dHAND basic helix–loop–
elix protein (Thomas et al., 1998). In other mouse gene
nockout models, the infundibular aspect of the ventriculo-
rterial connection appears abnormal. In the TGFb2-null
mouse, both the PA and the Ao appear to have a muscular
connection to the RV (DORV) along with a VSD (Sanford et
al., 1997). A similar configuration of the ventriculo-arterial
connections was evident in the knock-out of the jumonji
gene (Takeuchi et al., 1999; Lee et al., 2000), a putative
transcription factor that was cloned in a trap for genes
required for heart development (Baker et al., 1997). Deletion
of a cofactor of a transcription factor required for heart
development, the GATA cofactor FOG (also named Zfpm2),
resulted in OFT dysmorphology that appeared to be distinct
from those described above. The LVOT and RVOT were
both elongated and hypercellular, with malrotation of the
aorta and a VSD (Tevosian et al., 2000; Svensson et al.,
2000), in some respects modeling human Tetralogy of
Fallot. None of the described gene knock-outs were tissue
restricted, and all displayed other defects both within and
remote from the heart. Thus, the observed anatomic defects
may be consistent with a primary effect on the remodeling
of the OFT myocardium, or could be secondary to a distur-
bance elsewhere in the heart or embryo.
Direct experimental evidence supporting a role for apo-
ptosis in the development of the mammalian heart is
limited. The incidence of apoptosis in the developing mu-
rine heart and OFT has been characterized but not to the
extent of the chicken (see (Pexieder, 1975; Abdelwahid et
al., 1999; Zhao and Rivkees, 2000). Mice with deletions of
several genes in the apoptotic pathway, including FADD
(Yeh et al., 1998) (Fas-associated death domain protein, also
nown as Mort-1) and Caspase-8 (Varfolomeev et al., 1998)
do not develop past E11.5, and display a dilated cardiac
phenotype, but the mechanism is unknown. Understanding
the pathway from deletions of apoptotic regulatory genes to
the maldevelopment of mammalian cardiovascular struc-
tures, including those of the OFT, requires further investi-
gation.
CONCLUSION
We have demonstrated that the shortening and rotation
of the embryonic chick OFT in the transition from a single
to a dual circulation requires the elimination of OFT
cardiomyocytes by apoptosis. Inhibitors of apoptosis per-
apoptosis assessed by TUNEL assay. The sections are viewed with
h the myocardium in the heart. The TUNEL-positive cells appear
T myocardium (arrows) and cushions of the control hearts (n 5 4).
ows) of the zVAD-fmk-treated heart (n 5 4). TUNEL-positive cells
control. In one of the four experimental embryos, an ectopic focuse of
nguis
e OF
(arr
ernalFT structure (not shown). Bar, 0.2 mm.
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morphology with aortic transposition that models the con-
genital human condition. Whether teratogens or genetic
mutations cause congenital defects in the formation of the
ventriculo-arterial connections through an effect on apopto-
sis, as has been speculated based on human epidemiological
studies (Ferencz et al., 1997; Botto et al., 2000), merits
further study.
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